Background-High-frequency fractionated electrograms recorded during atrial fibrillation (AF) in the posterior left atrium (PLA) and elsewhere are being used as target sites for catheter ablation. We tested the hypothesis that highly periodic electric waves emerging from AF sources at or near the PLA give rise to the most fractionated activity in adjacent locations. Methods and Results-Sustained AF was induced in 8 isolated sheep hearts (0.5 mol/L acetylcholine). Endocardial videoimaging (DI-4-ANEPPS) and electric mapping of the PLA enabled spatial characterization of dominant frequencies (DFs) and a regularity index (ratio of DF to total power). Regularity index showed that fractionation was lowest within the area with the maximal DF (DFmax domain; 0. 
C atheter ablation for atrial fibrillation (AF) was focused initially on pulmonary vein (PV) isolation. 1, 2 More recently, various alternative ablative strategies, surgical or those that use radiofrequency catheter delivery at or near the posterior wall of the left atrium (LA), have proved successful. 1, [3] [4] [5] [6] In particular, 2 studies have emphasized the possibility of using frequency and fractionation analyses of intra-atrial electrograms as guidance for ablation of AF sources. 6, 7 The justification for such studies is the apparent disruption of the AF substrate associated with assumed dominant rotors in the LA and right atrium as suggested by high-frequency complex fractionated atrial electrograms (CFAEs) during mapping of AF. 6 CFAEs were found in several areas of the atria but were confined primarily to the interatrial septum, PVs, and LA roof. 6 However, the relation between local frequency, AF wave propagation patterns, and electrogram fractionation was not adequately explored.
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Previously, we introduced the technique of dominant frequency (DF) mapping to characterize the spatial distribution of excitation frequencies during AF. 8, 9 This approach allowed accurate identification of sites of periodic activity and the demonstration that stable, localized, high-frequency sources were responsible for AF maintenance in the isolated sheep heart. The highest DF was most often (80%) localized to the posterior LA (PLA), near or at a PV ostium. In addition, using high-resolution videoimaging, we demonstrated that such sources corresponded to fast vortexlike reentry around minuscule cores (microreentry) 8 that resulted in a large dispersion of frequencies throughout the atria during AF. Importantly, the areas harboring the microreentrant sources were shown to be highly regular 10 and spatiotemporally organized. 11 Fractionated activity and complex electrograms were identified mainly at boundaries separating different frequency domains, 12 eg, between the area of 1:1 activation by the microreentrant source and a neighboring lower-frequency domain. Here, we analyze optical and electrogram recordings at the endocardial surface of the PLA of the isolated sheep heart to provide insight into the mechanisms underlying high-frequency CFAEs during AF. 6 We tested the hypothesis that highly periodic electric waves emerging from AF sources at or near the PLA give rise to the most fractionated activity in adjacent locations, which would explain the relatively high success of using CFAEs to guide AF ablation therapy.
Methods

Isolated Heart Preparation
Animals were used according to NIH guidelines. Eight sheep (15 to 25 kg) were anesthetized with sodium pentobarbital (35 mg/kg IV). Hearts were removed, placed in cold cardioplegic solution, connected to a Langendorff apparatus, and continuously perfused at 200 mL/min with 36°C to 38°C Tyrode's solution (pH 7.4; 95% O 2 , 5% CO 2 ). A minimal surgical cut was made in the LA appendage (LAA), avoiding any visible coronary branches. In Figure 1A , the lines of incision are shown in a representative example. In Figure 1B , the mapped area includes the 4 PV ostia and their junction with the endocardial wall of the PLA.
Fibrillation and Mapping
Sustained AF (Ͼ5 minutes) was induced by burst pacing in the continuous presence of acetylcholine (0.5 mol/L) in the perfusate. An area of Ϸ5 cm 2 of the endocardial surface of the PLA was mapped with a CCD camera (128ϫ128 pixels, 300 frames per second, 5-second movies) and a potentiometric dye (DI-4-ANEPPS) as detailed elsewhere. 11 We obtained 1 movie per minute for 5 minutes for every experiment. For validation, in 2 experiments (7 and 8), we also recorded bipolar electrograms from the PLA immediately after (experiment 7) or simultaneously with (experiment 8) the optical movies. In addition, in all experiments, bipolar electrograms were recorded continuously from the septal portion of Bachmann's bundle (BB) and at the right atrial appendage (RAA).
Spectral and Fractionation Analyses
Spectral and fractionation analyses of optical and electric signals were performed on their power spectra obtained by a fast Fourier transformation. A DF corresponding to the highest peak in the power spectrum in the range of 1 to 30 Hz and with a resolution of Ϸ0.24 Hz was determined for each signal. Thus, the DFs of all pixels were used to generate a DF map of the field of view for each movie. Thereafter, the 6 DF maps of each movie in an experiment were superimposed to construct an averaged color-coded DF map for that experiment. 12 The average map included all DF values between 1 and 30 Hz. The area with the maximal DF (DFmax domain) was defined as the area corresponding to the highest DF in that map. Boundary of DFmax was set as (DFmax-1). In addition, the power spectrum was used to quantify the fractionation of the signals, as shown in Figure 1C (right). For each signal, a regularity index (RI) was defined as the ratio of the power at the DF to total power. 13 The power at the DF was calculated by summing the power values at the highest peak and its adjacent values (fixed band of Ϸ0.75 Hz), and the total power was calculated as the sum over the range of 1 to 30 Hz. Average maps of RI were constructed like the DF maps. Furthermore, conventional parameters of signals variability and complexity describing fractionated activity were quantified for each pixel in each movie as follows. Movies were band pass filtered at 1 to 30 Hz. As illustrated in Figure 1C (left), for each pixel, we subtracted the average value of the signal. The time markers of the zero crossing on the fluorescent signal indicated the span of the positive and negative halves of the action potentials (APs). The amplitude of each AP was assigned on the basis of the difference between the most positive and most negative fluorescence values for each half above and below the zero line ( Figure 1C , short horizontal lines). The number of deflections (DFLs; asterisks) was counted as the number of changes in slope in each half. For example, in the top tracing of Figure 1C (left), each half has 1 change in slope (positive to negative or vice versa) between its zero-crossing flanking points, whereas in the bottom tracing, the number of changes in slope is Ͼ1 for some halves. Then, the variability of the signal was quantified as the coefficient of variation in amplitude (COVAMP; SD/mean amplitude), and the complexity of the signal was quantified as the average DFL per impulse. In 6 movies per experiment, we compared the values of RI, COVAMP, and DFL inside and outside the DFmax area.
Propagation Pattern Analysis
The number, patterns, and locations of spatiotemporally periodic waves and of rotating waves were evaluated. Details of the analysis are presented in the online-only Data Supplement.
Directionality Analysis
The directionality of activation was analyzed for each pixel as follows. All activation times were determined at 50% of the upstroke of the optical AP. The vector bilinear best fit was used on a 5ϫ5-pixel window (Ϸ1.25ϫ1.25 mm 2 ) to obtain the directions of propagation in 30°bins. 14 The recurrence of the predominant direction (RPD) was calculated from the ratio of the number of activations in the predominant direction to the total number of activations. 14 
Computer Simulations
We used a 5ϫ5-cm 2 model with realistic atrial kinetics with heterogeneous I K,ACh density in the presence of 0.1 mol/L acetylcholine. 15 Details of the model are presented in the online-only Data Supplement.
Statistical Analysis
To compare RI, COVAMP, and DFL values for regions inside and outside the DFmax area (see Spectral and Fractionation Analysis 
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Fractionation at the Posterior Left Atriumsection), the data were submitted to a 2 (region; inside or outside)ϫ6 (time; T1 through T6) dependent-measures ANOVA, setting 2-tailed ␣ to 0.05. We anticipated significant region differences, nonsignificant time effects, and no significant region-by-time interaction effect, confirming our hypothesis that the region effects are consistent and uniform over the 5-minute time span. We used Mauchley's test of sphericity on our repeated observations and interpreted Huynh-Feldt-adjusted significance values in cases in which our data required corrections for nonsphericity. Frequency data also were compared by use of a dependent-measures ANOVA, with 2-tailed ␣ϭ0.05. In this analysis, we used a priori contrasts comparing frequency data in the DFmax area with those in the BB and RAA regions. Our comparisons of predominant wave directions also used a dependent-measures ANOVA statistic with a priori contrasts comparing the most dominant direction to the second-and thirdmost-dominant directions.
Results
Posterior LA Harbors the Highest DF Figure 1D shows that in 8 experiments the DFmax was significantly higher at the PLA endocardium than at the BB and RAA (18.6Ϯ1.0 versus 14.3Ϯ0.8 and 13.9Ϯ1.2 Hz, respectively). Indeed, ANOVA comparisons supported our prediction of higher frequencies at the PLA. The overall effect was significant (PϽ0.006), and more importantly, a priori contrasts comparing PLA with BB and RAA DFmax values were also significant (PϽ0.006 and PϽ0.007, respectively). Notably, those DFmax values were consistent with those obtained previously in intact isolated hearts with epicardial recordings, 8, 9, 11, 16, 17 indicating appropriate perfusion conditions.
Rate and Regularity in the PLA
Average DF maps were obtained from 6 movies (5 minutes of AF) for each of the 8 experiments. In general, the pixels with DFmax (red end of the color scale; see Figure 2 ) spanned Ͼ36Ϯ10% of the field of view in the PLA (1.8Ϯ0.5 cm 2 of Ϸ5 cm In Figure 2A , we present 3 single-pixel optical APs, along with their power spectra. Figure 2B shows the corresponding DF (left) and RI (right) maps. The APs were obtained from 3 different areas within the highest-frequency domain (red) in which a spatiotemporally periodic wave occurred as a breakthrough at the site of highest RI (pixel 1). Thus, all 3 locations show the same dominant frequency (Ϸ20 Hz) in their power spectra. However, as clearly illustrated in the RI map ( Figure 2B, right) , the 3 showed appreciably different degrees of AP fragmentation from the center to the periphery of the DFmax domain. Location 1 (red) was the most regular, followed by 2 and then 3. This was reflected by the presence of additional frequency peaks in the power spectra and lower RI values in locations 2 and 3. Thus, during stable AF, the highest degree of fractionation of the optical signal occurs at the edge of the highest-frequency domain.
To determine whether a similar relationship between local frequency and regularity could be identified through electric rather than optical recordings, we placed bipolar electrodes at locations 1 through 3 in the same experiment as that shown in Figure 2 . The electrograms illustrated in Figure 2C were obtained about 20 minutes after the optical movies. At this time, all 3 bipolar electrograms showed a slightly lower frequency (Ϸ16 Hz) than before. However, the spatial distribution of regularity was qualitatively and quantitatively the same as that shown by the earlier optical recordings. Again, location 1 shows the highest RI, with gradual reductions toward locations 2 and 3. Similar results were obtained in another experiment (data not shown), in which optical and bipolar electrogram data were obtained simultaneously. Comparison of 2 locations showed that the values of DF were similar with both techniques (17.6 and 13.7 Hz for optical and 16.9 and 14.9 Hz for electric for locations 1 and 2, respectively). The RI values were higher at the high-DF location (0.9 and 0.58 for optical and electric, respectively) than at the low-DF location (0.4 in both optical and electric). As confirmed below, a striking common feature in all our experiments is that the area of the DFmax always encompasses the highest-RI signals at the PLA.
Patterns of Propagation
We quantified the properties of waves traveling in the DFmax domain to determine its role in the maintenance of AF. 8, 18 In Figure 3A , 3 sequential isochronal maps show highly periodic activity emanating as a breakthrough and propagating from the fastest and most regular region on the right side of the field of view (lateral; dark blue) toward the left side (septal; red). As shown by the DF and RI maps in Figure 3B and 3C, respectively, the septal side demonstrated slower and more fractionated activity. In every experiment, a dominant propagation pattern could be identified on the PLA, resulting in high spatiotemporal organization. Therefore, in Figure 3D , a wave-by-wave directionality analysis was carried out after classifying the breakthrough waves as traveling in any of the 4 major directions (see inset). Comparing the number of waves in each direction in 8 experiments, an ANOVA comparison of the 3 most dominant wave directions revealed a significant overall effect (PϽ0.002), and a priori contrasts showed that direction I had a significantly higher number of waves than either direction II or III (PϽ0.03 and PϽ0.009, respectively). Overall, the average number of independent spatiotemporally periodic waves was 25.9Ϯ2.3, and the average total number of rotors lasting Ͼ1 rotation was 1.9Ϯ0.7 per experiment, each of them lasting 1.5Ϯ0.1 rotations. The most common pattern of activation was that of breakthroughs generating impulses traveling from the PLA toward the rest of the atria (76.8Ϯ8.1% traveling outward versus 23.2Ϯ8.1% traveling inward; PϽ0.01).
Local Activation Rate and Fractionation
Pixel-by-pixel quantification of the local RI enabled us to determine the spatial relation between DF and regularity. Figure 4A and 4B shows the DF and RI maps, respectively, from 1 experiment. The outline of the outer boundaries of the DFmax allows clear appreciation of the high RI inside the DFmax. RI decreases very rapidly at the boundaries of the DFmax domain but then increases again toward the periphery of the field of view. This is confirmed by the single-pixel recordings sampled from 3 different regions (points 1, 2, and 3). Although the activation frequency decreases from point 1 to 2 and then 3, RI decreases from point 1 to 2 but then increases at point 3, which corresponds to the lowest DF among all 3 points. Figure 4C depicts the relation between DF and RI for all pixels in the same experiment. A clear biphasic relation is observed. The vertical dashed line corresponds to the DFmax boundary. It indicates that the minimum RI, ie, the maximum fractionation, occurs at frequencies below the DFmax. At very low frequencies, RI again increases. 
Impulse Variability and Fractionation
We also used standard parameters of signal fractionation to quantify the variability in the amplitude of the optical signals and their DFLs. Figure 5 presents maps of 5-minute average COVAMP ( Figure 5A ) and DFL ( Figure 5B ) from the same experiment as in Figure 4 . The superimposed DFmax outline adapted from Figure 4A demonstrates that both COVAMP and DFL are higher outside than inside the DFmax area. As such, COVAMP and DFL values were negatively correlated with both RI values (RϭϪ0. 17 ). Confirming our hypotheses, the 2 (region)ϫ6 (time) ANOVAs on RI, COVAMP, and DFL outcomes revealed only significant region effects, with nonsignificant time effects and no region-by-time interaction effects, indicating that region differences are consistent over time (see Statistical Analysis).
Fractionation and Impulse Propagation
The incidence of wavebreaks and directionality at each pixel were measured as illustrated in Figure 6 . Figure 6A shows a DF map in which the outer limit of the DFmax area is outlined by the dashed curve and the general direction of wave propagation (arrow) is outward of that domain. Singularity points corresponding to sites of wavebreaks also are noted (circles) and seen to cluster primarily on an Ϸ3-mm rim around the DFmax domain, ie, where RI is minimal. In all experiments, 92.1Ϯ3% singularity points localized within that rim. Figure 6B shows an average map, color-coded for percentage recurrence of local predominant direction (RPD; see Material and Methods). Here, the inner solid line shows the limit of the DFmax domain; the outer dashed line limits the area of low RPD. Although on average the RPD was not different between inside and outside the DFmax area (33.8Ϯ0.9% versus 32.8Ϯ0.6%; PϭNS), in 5 of 8 experiments, it was possible to identify a rim at the outer limit of the DFmax frequency domain in which the direction of propagation changed more frequently on a beat-to-beat basis than elsewhere. This rim coincided with the area of lowest RI.
Computer Simulations
To provide additional insight into the mechanisms underlying local fractionation during AF without the confounding effects of the complex atria, we used a numerical approach. Figure  7A shows a snapshot of a simulation in a 2D sheet. Stable reentry in the upper half of the sheet acted as the highfrequency source of fibrillatory waves that propagated toward the bottom of the sheet with a slightly different angle on the right and left sides of the sheet (see movie in the online-only Data Supplement). The DF map in Figure 7B , corresponding to 4 seconds of simulation, shows 3 frequency domains: In the upper half, a 21.7-Hz frequency domain (DFmax) matches the rotor frequency; in the lower half, domains of 13.2 and 12.7 Hz reflecting complex propagation patterns were identified. In Figure 7C , except for the center of rotation, the highest-RI region coincides with the DFmax domain. Figure 7D shows a profile of RI along the vertical line in Figure 7C . It reveals an area of very low regularity along a narrow band between the DFmax and the lower-DF domains. This correlates highly with the AP recordings in Figure 7E , obtained from locations 1 through 4 in the sheet. Clearly, activity in the DFmax domain is highly organized, whereas fragmentation (low RI) occurs at the boundary with the lower-frequency domains. Concomitantly, the phase singularities were clustered close to the limit between DFmax and low-DF domains (see Figure 7C ). However fragmentation is again reduced (ie, increased RI) at the low-frequency domain, distant from the interface with the DFmax domain.
In Figure 8 , we present 15 consecutive local activation maps from 3 sites during the same simulation. Figure 8A shows activation maps from site 1 where directionality is highly recurrent (RPD, 100%) and the variability of the conduction velocity is the lowest (conduction velocity, 0.36Ϯ0.001 m/s). In the band of high fractionation located between the DFmax and the low-DF domains (site 3), we observed large increases in the beat-to-beat variability of directionality ( Figure 8B ) and conduction velocity (RPD, 33%; conduction velocity, 0.22Ϯ0.122 m/s). Within the area of the low-DF domains (site 4), the variation of directionality ( Figure 8C ) and conduction velocity were smaller than in the high-fractionation band but still higher than in the DFmax domain (RPD, 56%; conduction velocity, 0.47Ϯ0.097 m/s).
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Discussion
Major Findings
The major findings are as follows. First, during stable AF, the PLA harbors regular, fast, and spatiotemporally organized activity. Second, whether recorded optically or electrically, highly periodic impulses propagate repetitively from inside to outside the PLA and fractionate close to the outer limit of the DFmax domain. Third, the outer limit of the DFmax domain is the area where the most fractionated activity surrounds the most regular activity. Finally, the mechanism of wave fractionation during AF involves an increase in the beat-to-beat variability in the direction and conduction velocity of AF waves.
Relation Between Rate and Fractionation of AF Waves
Using a unique experimental approach to map the endocardial side of the PLA, we were able to visualize spatiotemporally organized activity and/or rotors in each experiment at frequencies and locations comparable to those recorded previously. 8, 11, 16, 17 The high-frequency waves that emanate from breakthroughs at the PLA propagate in highly recurrent directions. We showed experimentally and numerically that the AF waves emanating from the DFmax area reach a boundary where they propagate intermittently, break, and change direction recurrently. The resulting signals (both optical and electric) analyzed by well-established criteria in the frequency 9, 13 and time domains are clearly more fractionated outside the DFmax area. To the best of our knowledge, this is the first demonstration that fast and regular activity at the PLA is the cause of fractionation of wavefronts in its immediate surroundings.
Mechanism of AF Wave Fractionation
In both experiments ( Figure 6B ) and simulations ( Figures 7  and 8 ), we show that the highest incidence of wavebreaks and beat-to-beat variability in the direction and velocity of propagation are associated with highly fractionated signals located at the boundaries of the DFmax domain. Note, however, that propagation direction and velocity may not be independent of each other and that, moreover, the change of any of them may be sufficient for the creation of local fractionated signals. intermittent blockades. In addition, the shape of the impinging wavefront is likely to play a role in the homogeneity of the distribution of low RI values at the boundaries of the DFmax domain. This effect may explain the small differences between the DF and RI distributions on the right and left sides of the simulated maps in Figure 7 . Indeed, Figure 7A shows that a reentrant wavefront approaches the boundaries between DF domains at slightly different angles on right versus left sides. In that regard, a hypothetical point source generating the activity would yield a slightly different RI distribution. Thus, the shape of the wavefront is an additional, albeit not independent, factor controlling fractionation.
Mechanisms of AF Maintenance
AF maintenance has been suggested to depend on organized microreentry, pacemaker, or triggered activity at the PLA. 8, 10, 11, 20 The consistent observation of high frequency and spatiotemporally periodic waves in our experiments strongly supports the idea that AF in this model is maintained by functional reentry. The most common pattern of endocardial propagation in our study was that of a breakthrough, and the reentrant activity observed at the endocardium was short-lived. Previous epicardial recordings in isolated sheep hearts demonstrated that stable acetylcholine-induced AF was sustained by stable microreentrant sources located in the PLA wall near the PV ostia with an average core diameter Ͻ2 mm. 8 Thus, breakthroughs in our study are likely to have reflected reentry with an intramural filament. 21 Our simulation results also support the hypothesis that high-frequency reentry might very well be the mechanism supporting fractionation at DFmax domain boundaries. Nevertheless, we cannot completely exclude the possibility of another source mechanism. We chose to simulate reentry as an illustration of fast and stable source because, to the best of our knowledge, spontaneous pacemaker activity was not achievable at realistic experimental AF frequencies.
Clinical Implications
The PLA is known to play a critical role in maintenance of AF in patients. 1, 5, 22 Recently, electrogram-based radiofrequency ablation procedures have shown that frequency and/or fractionation criteria could be used to achieve satisfactory AF ablation success rates. 6, 7 Nademanee et al 6 could terminate AF in a high percentage of patients by delivering radiofrequency at sites harboring fast CFAEs. However, other approaches such as the anatomic 3 and combined (anatomic and electrogram based 23 ) methods have also proved effective. As such, the role of electrogram-based criteria of AF ablation has not been clearly established, and the electrophysiological mechanism and dynamics of fractionation of AF waves in patients have not been elucidated. Our experimental and numerical data describe the mechanism of fractionation of AF waves at the PLA. In fact, our results may help us to better understand the reason for the relatively high success rate of ablation procedures that use high-frequency CFAEs as the target for radiofrequency delivery. 6 Clearly, it would be erroneous to infer from the radiofrequency ablation data that the DFmax domain itself is the area of highest fractionation. In addition, our data also show that the site where most fractionation occurs during AF coexists in the periphery of the most rapid and less fractionated area. Therefore, we surmise that producing a relatively large anatomic obstacle by radiofrequency ablation in the region of high fragmentation that bounds the DFmax site would increase the likelihood of AF termination. This would happen because the ablation crater would form an effective wall against which the wavefront would collide head on and be annihilated. These new concepts introduce a new perspective in the clinical use of high-frequency CFAEs to localize sources of AF at the PLA and elsewhere.
Study Limitations
This study has a small size design (nϭ8). The properties of the substrate responsible for increased variability in velocity and direction of AF waves at the PLA have not been studied. It is reasonable to assume that the variability in direction of myocardial fibers 24, 25 and other ionic properties at the PLA may have played a role. Finally, the fractionation properties of bipolar and unipolar recordings of the extracellular potential may be different from those of the transmembrane potential, as measured by optical mapping technique. However, data in Figure 2 and numerical simulations demonstrate 
